Abstract. Shenmai injection (SMI) has been widely used as a therapy to treat a number of diseases. However, its anti-osteoarthritic properties have not yet been fully investigated. In the present study, the protective effect of SMI on knee articular cartilage of anterior cruciate ligament transected rabbits and interleukin-1β (IL-1β)-stimulated human chondrocytes was investigated. For the in vivo study, knee osteoarthritis (KOA) was induced in female New Zealand white rabbits by anterior cruciate ligament transection (ACLT) in the knee of right hind limb. Rabbits either underwent sham surgery or ACLT surgery. Out of the rabbits receiving ACLT surgery, half of the rabbits received one 0.3 ml Shenmai intra-articular injection in the knee per week for four weeks, following ACLT surgery. The other rabbits received the same volume of normal saline solution. The cartilage was subsequently collected for histological evaluation. For the in vitro study, cultured human chondrocytes were treated with 10 ng/ml IL-1β in the presence or absence of 5 and 2% (v/v) SMI for 24 h. Nitric oxide (NO) and prostaglandin E2 (PGE2) levels in cell culture supernatant were assessed using a Griess reaction and ELISA respectively.
Introduction
Knee osteoarthritis (KOA) is a common type of degenerative disease in middle-aged and elderly individuals globally, which typically causes uncomfortable knee pain and lower limb movement disorder, impairing quality of life. It is among the most common causes of pain and disability in European countries (1) . Its estimated prevalence is 35% among people aged 50-59 years, and 55% for people over 70 years of age (2) , while the lifetime risk for KOA is 45% (3) . In addition, because of the limited capacity of articular cartilage for self-repair and the growing aging population, the incidence of KOA is increasing in many countries (4) , which makes KOA a substantial burden for societies. Clinical KOA is not one single disease, but a final outcome secondary to a number of predisposing factors, notably age, altered biomechanics, deficient sex hormones, joint trauma and obesity. Furthermore, KOA is primarily characterized by the destruction of the articular cartilage, which is accompanied by inflammation due to the activation of certain inflammatory cytokines including interleukin-1β
Protective effect of Shenmai injection on knee articular cartilage of osteoarthritic rabbits and IL-1β-stimulated human chondrocytes . IL-1β triggers a cascade of inflammation events of articular cartilage in KOA progression (5) . It may also induce the expression and production of matrix metalloproteinases (MMPs) including MMP-1 and MMP-13, cyclooxygenase-2 (COX-2) and prostaglandin E2 (PGE2), nitric oxide (NO) and inducible NO synthase (iNOS) (6) (7) (8) . Therefore, IL-1β has become a target for novel therapeutic strategies. Non-surgical modalities for KOA management include weight loss, exercise, activity modification, assistive devices, oral administration of non-steroidal anti-inflammatory drugs, analgesics and intra-articular injections of certain drugs, such as hyaluronic acid preparation (9) . Intra-articular injections are the most commonly used approach in the management of KOA to deliver the therapeutic agent directly into the joint space. In September 2000, the American college of rheumatology guidelines for the treatment of knee osteoarthritis recommended that one therapeutic option to be considered is the use of intra-articular injections of hyaluronic acid in the knee joint to relieve osteoarthritic pain (10) . This therapeutic strategy has since become popular in the non-operative management of patients with osteoarthritis (11) (12) (13) (14) . However, recent reviews conclude that intra-articular injection of hyaluronic acid has only minimal benefits on patient outcomes, and so its clinical relevance and cost-utility should be reassessed (15, 16) . Furthermore, a decrease in drug efficacy after the first treatment may also occur (17) . Therefore, due to uncertainty regarding the appropriateness of hyaluronic acid in the clinical non-surgical management of KOA (18) , more suitable alternatives for the treatment of KOA are required.
Shenmai injection (SMI) is widely used to clinically treat coronary heart disease, chronic pulmonary heart disease, viral myocarditis, heart and respiratory failure, cerebral infarction and malignant diseases (19) (20) (21) (22) (23) (24) . In addition, the toxicity of SMI has been evaluated and it is generally considered to be safe to use (25, 26) . 'Shen' and 'mai' are Chinese abbreviations for red ginseng and Ophiopogon japonicas. SMI contains a number of gensenosides from red ginseng, considered to be beneficial in the protection of articular cartilage, thus it is worth investigating whether SMI has the potential to treat KOA (27) (28) (29) (30) (31) (32) . The aim of the present study was to evaluate the anti-KOA activities of SMI on knee articular cartilage in an experimental rabbit KOA model induced by anterior cruciate ligament transection (ACLT), as well as in IL-1β-stimulated human chondrocytes. Establishment of ACLT surgery-induced KOA and drug treatment. A total of 18 female New Zealand white rabbits weighing (age, 4-6 months; weight, 2.0-2.5 kg) were purchased from Guangdong Medical Laboratory Animal Center (Guangdong, China). All rabbits were kept in a specific pathogen-free room under controlled conditions. A 12 h light-dark cycle was maintained, with lights on between 6:00 a.m. and 6:00 p.m. The temperature was maintained at 21-25˚C and the relative humidity was maintained at 40-70%. The rabbits were provided with standard laboratory food and water ad libitum. All 18 rabbits underwent surgery; 12 rabbits were used as the ACLT experimental rabbits and had KOA induced in the knee of the right hind limb, the left knee was left untreated. The ACLT rabbit model was induced as previously described (4, 33) . In brief, after rabbits were anesthetized with 40 mg/kg sodium pentobarbital (3%) by intravenous administration, a medial arthrotomy was performed. With the right knee positioned in full flexion, the patella was dislocated laterally, and the anterior cruciate ligament was transected. The other 6 rabbits underwent sham surgery and were used as a control group. For the sham surgery, the anterior cruciate ligament of the right knee was exposed but not transected. Finally, wounds of rabbits were closed and the rabbits were allowed unrestricted cage activity following surgery. Wound healing and infection or any other complications were monitored continuously over 1 week. The 12 ACLT experimental rabbits were divided into 2 groups: 6 rabbits received 0.3 ml Shenmei intra-articular injection once a week for 4 weeks (KOA+SMI group) and another group received the same volume of normal saline injection once a week for 4 weeks (KOA group). At the end of 4 weeks, all rabbits were sacrificed with 90 mg/kg sodium pentobarbital (3%) by intravenous administration. Care and experimental treatments of the rabbits were approved by the Ethical Committee of Guangdong Second Traditional Chinese Medicine Hospital (Guangdong, China).
Materials and methods

Materials
Histological examination. Following sacrifice, the distal femur and proximal tibia of the right side of each rabbit was resected and fixed at 4˚C for 48 h in a 10% formalin solution, prior to decalcification in formic acid for 3 days. Following neutralization with 10% sodium sulfate for 24 h, samples were embedded in paraffin. Serial sections, 4-6 µm in thickness, were prepared in the coronal plane through the middle of the femoral and tibia condyles and one section from each sample was used for each of the histological analyses. Specimens were stained with hematoxylin and eosin and Safranin O-Fast Green following standard procedures. All results presented in the present study were acquired using an Olympus BX51 fluorescence microscope (Olympus Corporation, Tokyo, Japan). The histological grade of cartilage degeneration was evaluated according to the modified Mankin's scoring system (17, 34, 35) . Final results represent the combined scoring data of two experienced researchers.
Isolation and culture of human articular chondrocytes.
Cartilage was obtained from patients (age 66±10 years) with KOA undergoing total joint replacement surgery. All the patients provided informed consent to be part of the current study and surgery was performed at Guangdong Second Traditional Chinese Medicine Hospital. Cartilage collection was approved by the Ethical Committee of Guangdong Second Traditional Chinese Medicine Hospital. Under aseptic conditions, cartilage sections, 1-3 mm in thickness, were removed from the condyles, minced and treated with 0.25% Trypsin for 30 min followed by 0.02% collagenase II in DMEM mixed with 1% Pen-Strep (containing 10,000 Units/ml penicillin and 10,000 µg/ml streptomycin) at 37˚C overnight. Extracted cells were then cultured in 25 cm 2 culture flasks in complete DMEM with 10% FBS and 1% Pen Strep in 5% CO 2 at 37˚C for 4 days. Third-generation chondrocytes were used for the current study.
Examination of relative cell viability. An MTT assay was used to evaluate the cyto toxicity of SMI. Firstly, chondrocytes were seeded in culture medium including complete DMEM with 10% FBS and 1% Pen Strep in 96-well plates (1x10 4 /well) overnight and tested with or without 20, 10, 5, 2, 1 and 0.5% (v/v) SMI for 24 h. Then, cells were incubated with 20 µl MTT solution (5 mg/ml in phosphate-buffered saline) for 4 h at 37˚C. Each well was administered 150 µl dimethyl sulfoxide once the supernatant was removed by Finnpipette (Thermo Fisher Scientific, Inc.). In addition, cells were incubated with dimethyl sulfoxide without MTT as a control. Finally, the absorbance of each well was measured at 570 nm using a Varioskan™ Flash Multimode Reader (Thermo Fisher Scientific, Inc.).
Chondrocyte treatments. Chondrocytes were seeded in complete DMEM with 10% FBS and 1% Pen Strep in six-well plates (3x10 5 /well) overnight. Experimental cells were treated with 10 ng/ml IL-1β in the presence or absence of 5 and 2% (v/v) SMI (these concentrations was determined by relative cell viability) and control cells were treated without IL-1β or SMI. All cells were harvested following 24 h incubation at 37˚C. Following these processes, cell medium was collected in order to measure the level of NO and PGE2, while chondrocytes were collected for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Measurement of NO and PGE2 levels. The cell supernatant was drawn off by Finnpipette to determine NO levels via the Griess method (36) . A 40 µl sample was transferred into 96-well microplates and 160 µl Griess reagent (1% sulfanilamide, 0.1% N-(1-naphthyl) ethylenediamine hydrochloride, 2.5% H 3 PO 4 ) was added at room temperature. Following 20 min, absorbance was detected using a Varioskan™ Flash Multimode Reader at 540 nm. PGE2 levels in supernatant were quantified using a Prostaglandin E2 parameter assay kit (catalogue no. KGE004B) according to the manufacturer's protocols (R&D Systems, Inc., Minneapolis, MN, USA).
RT-qPCR analysis. Total RNA was extracted from chondrocytes in six-well plates using TRIzol reagent according to the manufacturer's protocol. Total RNA (3 µg) was reverse-transcribed into cDNA using a First Strand cDNA Synthesis kit, according to the manufacturer's protocols (Thermo Fisher Scientific, Inc., Waltham, MA, USA). at 42˚C for 1 h. PCR was performed using a IQ™ 5 real-time PCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and completed using 1 µl cDNA, 12.5 µl Maxima™ SYBR Green/Fluorescein qPCR Master Mix (2x), 1 µM forward primer and 1 µM reverse primer in a total reaction volume of 25 µl. cDNA was amplified using specific primers (Table I) with 45 cycles at 94˚C for 30 sec, an annealing temperature of 55˚C for 40 sec and 72˚C for 50 sec, with a final incubation period at 72˚C for 7 min. qPCR detection was performed on three replicates per cDNA sample. The products were quantified using a Cq value and all values were normalized to GAPDH mRNA concentration. The final result was calculated using the 2 -ΔΔCq method (37) .
Statistical analysis. Data are presented as the mean ± standard deviation. Statistical analysis of the data was performed using the SPSS 17.0 (SPSS Inc., Chicago, IL, USA) statistical package. One-way analysis of variance was applied to analyze differences in data of all parameters among the different groups, followed by Dunnett's significant post hoc test for pairwise multiple comparisons. Differences were considered statistically significant when P<0.05.
Results
HPLC analysis of SMI.
The ginsenosides in SMI were analyzed and quantified as 186.1 µg/ml Rb1, 15.6 µg/ml Rb3, 50.62 µg/ml Rd, 181.6 µg/ml Rg1, 32.34 µg/ml Rg3 and 111.9 µg/ml Ro (Fig. 1) .
Histological evaluation. H&E staining of articular cartilage is shown in Fig. 2 . The nucleus was stained purple-blue and cytoplasm was stained red. Normal articular cartilage was observed in the control group. The KOA group exhibited a marked loss of chondrocytes. In the KOA+SMI group, SMI protected the articular cartilage from loss of chondrocytes. Furthermore, Safranin O-fast green staining of articular cartilage is also shown in Fig. 2 Table II) .
Effect of SMI on relative cell viability. The MTT assay was applied to measure the cytotoxicity of 20, 10, 5, 2, 1 and 0.5% (v/v) SMI in normal chondrocytes. No significant differences were observed in relative cell viability compared with the control group with the exception of 20 and 10% (v/v) SMI, which exhibited significant decreases in relative cell viability compared with the control (P<0.01; Fig. 3 ). Thus, 5 and 2% (v/v) were selected as the optimal con centrations for further study.
Effect of SMI on NO and PGE2 levels. IL-1β treatment resulted in elevated NO and PGE2 levels in the cell culture Figure 2 . H&E and Safranin O-Fast Green staining of articular cartilage in different groups (magnification x100). In H&E staining, the nucleus was stained purple-blue and cytoplasm was stained red. In Safranin O-Fast Green staining, cartilage was stained red and subchondral bone was stained blue. H&E, hematoxylin and eosin. supernatant compared with controls (P<0.01; Fig. 4 ). The production of NO and PGE2 was significantly inhibited following treatment with 2% (v/v) SMI, compared with untreated cells (P<0.05 and P<0.01, respectively) and 5% (v/v) SMI (both P<0.01; Fig. 4 ).
Effect of SMI on mRNA expression of human chondrocytes.
RT-qPCR was performed to quantify mRNA expression in human chondrocytes. Compared with the control group, IL-1β caused a significant increase of COX-2, iNOS, MMP-1, MMP-13 mRNA expression (P<0.01) and a significant decrease of TIMP-1 mRNA expression in the IL-1β group (P<0.05; Table III ). However, treatment with 2 and 5% (v/v) SMI significantly decreased mRNA expression of COX-2, iNOS, MMP-1 and MMP-13 (P<0.05), and significantly increased TIMP-1 mRNA expression compared with untreated IL-1β-induced cells (P<0.05; Table III ).
Discussion
It is well understood that KOA is characterized by cartilage degradation, mild synovial lining inflammation, joint space narrowing, subchondral bone sclerosis and osteophyte formation (38) . A network of cytokines promotes cartilage degradation and the catabolic cytokine IL-1β serves a crucial role in this (39) . Activation of the IL-1β intracellular signaling pathway results in the upregulation of important genes encoding MMPs, iNOS and COX-2. The MMP family serves a crucial role in tissue remodeling in addition to the destruction of the extracellular matrix of cartilage and bone in arthritic joints (40) . Out of the MMP enzymes, MMP-1 and MMP-13 are the most relevant enzymes in KOA (41) . The activity of all known MMPs is regulated by endogenous tissue inhibitors of metalloproteinases (TIMPs). It has been demonstrated that the effect of MMPs is highly dependent on the MMP: TIMP ratio and excessive activity of MMPs compared with TIMPs results in pathological cartilage destruction (41) . Imbalance between MMPs and TIMPs such as TIMP-1 is important in the incidence and progression of KOA (42) .
Punzi et al (41) reported that oxidative stress serves an important role in the pathology of KOA. Excessive production of oxidants such as NO may occur due to the IL-1β-induced expression of iNOS (43) (44) (45) . In addition, IL-1β stimulates COX-2 expression to increase synthesis of PGE2, which is responsible for joint pain in KOA (46, 47) . NO and PGE2 are capable of upregulating the production of MMPs and other inflammatory cytokines (48, 49) .
In the present study, ACLT was used to establish an experimental in vivo rabbit KOA model. Histological analysis indicated that intra-articular injection of SMI ameliorated cartilage degradation in KOA. An in vitro study was also conducted, in which the KOA microenvironment was mimicked using cultured IL-1β-stimulated human chondrocytes. In the chondrocytes treated with IL-1β, gene expression and production of COX-2, iNOS, MMP-1 and MMP-13 was upregulated, however the expression of TIMP-1 was downregulated and the over-production of NO and PGE2 was observed. SMI at a concentration of 2 and 5% (v/v) significantly decreased levels of COX-2, iNOS, MMP-1, MMP-13 mRNA expression and significantly elevated TIMP-1 mRNA expression (P<0.05), as well as suppressing over-production of NO and PGE2. In order to analyze the active components of SMI, HPLC was performed. As presented in Fig. 1 , the present study identified a number of ginsenosides contained in SMI, including 186.2 µg/ml Rb1, 181.6 µg/ml Rg1 and 111.9 µg/ml Ro. Ginsenoside Rb1 may inhibit the production of inflammatory agents including MMP-13, COX-2, iNOS and NO induced by IL-1β in human articular chondrocytes (28) (29) (30) . Rg1 inhibited IL-1β induced chondrocyte apoptosis, promoted TIMP-1 expression and inhibited MMP-13 expression via its effects on the phosphatidylinositol-3-kinase/protein kinase B and mitochondrial signaling pathways (31) . Furthermore, Ro evidently prevented IL-1β-stimulated chondrocyte apoptosis and inflammation by inhibiting nuclear factor-κB activation (32) .
Therefore, gensenosides including Rb1, Rg1 and Ro in SMI may contribute to its protective effect on chondrocytes by regulating the balance between MMPs and TIMPs, inhibiting the production of NO and PGE2 and suppressing the expression of iNOS and COX-2 mRNA. In conclusion, the results of the current study demonstrate that SMI suppresses inflammation and ameliorates cartilage degradation, confirming that SMI has a protective effect on knee articular cartilage in vitro and in vivo. To the best of our knowledge, the current study is the first to demonstrate this protective effect of SMI, and suggests that SMI may be a potential and promising therapeutic option to treat KOA.
